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Abstract⎯ diesel emissions from ships are some of the largest contributors to greenhouse gas emissions (GHG).  This 
paper proposes the feasibility of implementing grid-like batteries- onboard ocean-going vessels along with an offshore 
electric charging station (OECS) to offer fully electric sailing across longer distances. The (OECS) is proposed to be built in 
deep waters along commercial shipping routes. Such an installation has a floating solar plant, in conjunction with a battery 
energy storage system to meet the charging demands of an all-electric ship (AES).   The technology was evaluated based on 
a case study of an AES cargo vessel traveling between Mumbai and Dubai with a one-stop midway (at an OECS) for 
recharging batteries. When compared to a diesel ship, the AES showed savings of  5,627,293liters of diesel/yr and a 
reduction of 19,823 tonnes of CO2. The study shows that the integration of an OECS along with the AES concept is feasible, 
and represents a major milestone in bringing emission-free technology to the marine sector. 
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I. INTRODUCTION1 
A worldwide diesel emission from ships is 
responsible for almost 2.5% of total greenhouse gases 
(GHG) according to IMO 2009 [1].  It produces 1 
million tons of CO2 each year. This makes it the fourth-
biggest sector in emissions globally, Micco, et al. [2]. 
Although this percentage is relatively low for the volume 
of cargo transported, shipping is responsible for a greater 
percentage share of NOx (~15%) and SOx (~4.9%), 
Eyring ET, al[3]. A 2007 estimation revealed that CO2 
emissions from 45,620 vessels amounted to 943 million 
tons, with the total fuel oil consumption being 297 
million tons International Chamber of Shipping, [4]. 
Marine shipping forms the bulk of global trade. 
Approximately 80% of world trade by volume is carried 
by sea, UNCTAD, [5]. New technologies need to be 
explored to mitigate greenhouse gases (GHG), without 
impacting the marine trade. This requires that power 
generation and power propulsion plants for future ships 
have to significantly reduce fuel consumption and 
emission. Recently, photovoltaic (PV) energy to reduce 
their greenhouse gas emissions and improve energy 
efficiency has been tried. However, excessive use of 
solar energy is found to increase investment cost and the 
uncertainty associated with solar power, making the 
power system unstable, Balcombe, et al. [6]. To 
overcome this drawback, a wide range of investigations, 
Zakeri & Syryri [7] have found that the use of an energy 
storage system (ESS) is an effective solution for ensuring 
the reliability and power quality of power systems and 
favors the increased penetration of distributed generation 
resources. This has led to the development of All-
Electric Ships (AES), having an integrated power system 
consisting of renewable sources and battery energy 
storage systems (BESS), Sakalis et, al [8]. A typical 
example of a ship with electric propulsion is HNLMS 
Rotterdam. Diab et, al[9] has shown that for a ship stand-
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alone power system, the NPC of hybrid PV/diesel/ESS 
power generation is less than that of PV/diesel power 
generation. Sectors such as energy production, storage, 
and motor vehicles, have realized the advantages of 
green technologies and renewable energy sources and 
this has led to their being used extensively, European 
Commission [10]. More recently, Nazir [11] has 
explored the possibility of using solar photovoltaic (PV) 
with battery energy storage systems for high-speed rail 
transportation. 
Notwithstanding the advantages of modern vessels 
with electric propulsion, batteries are still not efficient 
enough and are too heavy to be considered as options for 
ships that make long-distance trips. Hence, they are 
reduced to traveling short distances requiring frequent 
charging. A typical application is a battery-powered ferry 
MF Ampere. The ferry’s crossing which goes between 
Oppedal and Lavik, near Bergen, Norway, takes about 
30 minutes, Corvus Energy [12]. The vessel is powered 
by 1.04 MWh Li-ion batteries, recharged by two 410 
kWh charging stations.  In another example, a fully 
electric container ship has been sailing on the Pearl River 
in southern China. It can travel a distance of 80 km, and 
the 1000 li-ion batteries achieve 2,400 kWh, Quanlin 
[13]. 
The majority of shipping involves deep-sea vessels 
that have big travel ranges. These vessels require 
enormous amounts of energy to operate Koumentakos 
A.G. [14], and so far, there have been no technologies to 
fulfill the requirements of a fully electric ship.  To take 
full advantage of that battery-powered AES provide, and 
to move away from the limitations of shore-based 
charging along coastal routes, a novel concept is 
presented, wherein the world’s first zero-emission 
offshore electric charging station (OECS) is proposed to 
be built in deep waters along commercial shipping 
routes. This would permit large ocean-going vessels with 
big battery installations to recharge their batteries and 
increase their range of travel. This concept has been 
made possible by the rapid advances in battery 
technology, power electronics, the practical applications 
of floating solar plants, and the successful 
implementation of deep-water floating foundation 
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Figure. 1. Illustration of an offshore electric charging station with electric cargo ship alongside 
 
The OECS is at the heart of this technology. Whereas 
many land-based electric charging stations have been 
installed, mainly for routes catering to ferry operations, 
Corvus Energy [12], installing an OECS at sea poses a 
formidable challenge. To begin with, the OECS has to 
have a more robust design to cope with the marine 
environment. Commercial technologies are now 
available, which offer promising solutions. Ocean Sun 
and Swimsol are two such companies SERI [15]. To 
support the batteries, an artificial platform has to be 
installed at depths over 200 m below sea level. Such 
platforms were developed for the oil and gas industry 
with the Tension Leg Platform being the preferred choice 
for depths up to 1500 m, Sadeghi et, al [16]. Finally, to 
store the energy from the PV plant, a battery with high 
energy density, with reduced weight and size 
consideration was required. TESLA MegaPack [17], 
requiring 40% less space than its counterparts offered the 
ideal solution. A similar battery pack was also 
considered for the AES.  
AES and hybrid ships with battery storage can now 
recharge their batteries at this station, allowing the 
possibility of fully electric sailing across greater travel 
distances, and over a longer period. These vessels will 
also require charging stations in ports, and the harbor 
area grid must be designed to accommodate the charging 
of batteries for hybrid and electric vessels. 
This paper presents a method for optimally sizing a 
hybrid PV/BESS offshore electric charging station for 
charging batteries on an AES navigating a typical route 
between Mumbai and Dubai. Specifically, this work 
proposes an approach to generating power from PV 
arrays on a floating solar plant (FSP) and then charging 
batteries (BESS) on a co-located OECS. An illustration 
of the OECS design used for battery charging of electric 
ships is shown alongside an AES cargo ship, Figure I. 
The design, construction, installation, and costs for 
an OECS are presented. Comparative case studies of an 
AES based on PV/BESS power generation are made with 
a conventional diesel dry cargo vessel of 10,000 dwt, 
traveling between Mumbai and Dubai (approx distance 
1941 km); with one-stop mid-way (at OECS) for 
recharging batteries. The results of costs and energy 
produced by the PV/BESS are given. NPC, fuel 
consumption, and emission for the AES are compared 
with a conventional diesel ship of similar capacity. These 
show the great advantages that such a scheme could 
provide.  With 100% renewable electricity generation, 
powering zero-emission ocean-going all-electric ships, 
the concept presents a  major milestone in bringing 
emission-free technology to the marine sector. 
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Figure. 2. Schematic plan & section of OECS with cargo ship alongside 
 
The design under consideration is evaluated from a 
techno-economic point of view utilizing HOMER Pro 
software, version 3.13.7 [18] and specifically 
considering the net present cost (NPC) as a metric to 
compare the various design options. The subsequent 
sections of the paper are structured as follows: Section 2 
provides a methodology of the proposed technology and 
gives an overview of to design of the main components. 
Section 3presents studies for the computational analysis 
by way of an example of a practical design application of 
an AES with recharging at OECS and the obtained 
results for the case studies are extensively discussed. 
Section 4 ends with conclusions. 
II. METHOD 
This research aims to prove the viability of the first 
zero-emission technology for an electric ship charging 
platform OECS in marine lanes and combine it with AES 
towards a carbon-free world. TheOECS could provide a 
source for recharging batteries of modern AES and 
hybrid ships so that they could sail across longer 
distances and over a longer period. Such a design would 
lead to a major reduction in (GHG)and help the shipping 
industry to reduce its environmental impact. This has 
been made possible by the rapid advances in battery 
technology, power electronics, the practical applications 
of floating solar plants, and the successful 
implementation of deepwater floating foundation 
structural systems. In the present study PV, solar panels 
mounted on pontoons would harvest the energy from the 
sun and provide the energy required to charge BESS  co-
located on OECS.  
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Figure. 3. Pelastar tension leg platform 
 
In a novel comparison of Hybrid Renewable Energy 
Systems (HRES) on land and on ships, Diab et, al [9] 
have shown that increasing the use of PV systems on 
ships significantly decreases the fuel consumption and 
the total greenhouse gas (GHG) emissions. In another 
study, Lan et al. [19] has demonstrated that the net 
present value of hybrid PV/diesel/ESS power generation 
is less than that of PV/ diesel power generation. The 
batteries located in BESS are charged during sunlight 
hours. They are intended to be sized similar to the ones 
installed on the AES such, that the ship can use battery 
power for main propulsion during its entire travel period. 
BESS, sub-station, control room, and charging device are 
mounted on a Tension Leg Platform (TLP). A new or re-
engineered AES would dock alongside the TLP and the 
batteries will be re-charged from BESS either manually 
or by an automated shore power connection. The OECS 
could also be used to charge the batteries on a hybrid 
ship. At ports, the batteries on AES will be charged from 
the local grid. A typical layout of the new design is 
shown in Fig.2. 
 
A. All-Electric Ship 
Strict environmental norms introduced by the 
International Convention for the Prevention of Pollution 
from Ships, MARPOL Treaty [20]  have encouraged the 
development and adoption of various clean energy 
technologies. Solar power has been used to a limited 
extent to power ships. Because of the small energy 
density that PV provides, solar power alone is not able to 
fully power ships. This has led to ships being developed 
with hybrid propulsion having two or more power 
sources. The power source could be a) combustion 
power supply from diesel engines and b) stored power 
supply from energy storage systems. The economic 
benefits of an electric propulsion system with hybrid 
power have been investigated by Volker [21]. In such a 
case, this would allow vessels to acquire significantly 
bigger engine capacity and greater travel distances. 
China launched the first such electric cargo ship Quanlin, 
[13]. It has a battery capacity of 2.4 MWh which enables 
it to cover a distance of 80 km on a single charge. 
Typically, an AES has no internal combustion engine on-
board; and its main source for propulsion is battery 
power. In assessing the technical feasibility, the weight 
and volume of BESS are critical factors as they affect the 
ship's lightweight and impact on the cargo capacity and 
hence economic viability, Dedes et al.[22]. With battery 
installations, another key aspect is preventing thermal 
incidents in battery spaces by ensuring independent 




SHIP PARTICULARS FOR HANDYSIZE BULK CARRIER 
Bulk carrier Class Handysize 
Ship size (dwt)                    10,000                                     
Length (m) 115 
Breadth (m)  19.3  
Draught (m)  10  
SMCR power (kW)/rpm 2840/152 
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Figure. 4. Shipping route between Mumbai – Dubai with the location of OECS 
 
B. OffshoreElectric Charging Station for the accelerated 
adoption of electric ships 
The availability of adequate charging infrastructure in 
the sea lanes of the world is one of the key requirements. 
This will enable faster adoption of electric ships in the 
maritime industry by ensuring safe, reliable, accessible, 
and affordable charging infrastructure.  The OECS has 
three main components; a) Floating Solar Plant b) 
Tension Leg Platform (TLP), and, c) Battery energy 
storage system. 
 
1) Floating Solar Plant 
The ocean surface utilized to install a Floating Solar 
Plant (FSP) at sea is a unique source of renewable 
energy, as it does not use scarce land space. Further, 
research has shown that a Floating PV system yields 
11% greater outputs than a terrestrial counterpart, Choi 
[23].  The FSP has PV arrays mounted on a floating 
platform. PV modules generate direct current (DC) 
electricity which is stored in BESS through MPPT 
charge controllers. The floating platform is held in 
position by installed anchors or self-seating anchors. The 
power generated by the plant covers 100% of BESS’s 
total energy demand. Since 2018, several floating solar 
plants with capacities larger than 250 MW have been 





FREE VOLUME FOR HANDYSIZE BULK CARRIER 
Ship type Handysize   
    
Engine room volume (cu m)               3800   
Free vol in current engine room (cu m) 1300   
Added volume due to electrical components (cu m)  1040   
Additional vol due to transformer and motor (cu m) 438   
Deduction for 2-stroke engine removal (cu m)  436   
Deduct for Aux generator romaval (cu m)     96   
Volume available for battery (cu m) 792   




2) Tension Leg Platform 
While on-shore charging stations are located on land 
from which to operate, at sea, an artificial platform must 
be constructed. The TLP acts as a support base for BESS 
and auxiliaries such as transformers, control rooms, 
charging stations, etc. The TLP is a platform having 
tensioned anchoring lines anchored to the sea-bed, see 
Fig. 3. It was developed for the off-shore oil and gas 
industry. It has many operational advantages of the fixed 
platform, whilst reducing the cost of production in water 
depths up to about 1500m, Sadeghi et al. [16]. For 
greater water depths, the concept of a TLP became the 
only viable choice, Ghosh et, al[25]. One of the world’s 
tallest structures, the Magnolia TLP oil platform,[26] 
operates at a depth of 1425m.  
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Figure. 5. Typical weekly travel time of AES 
 
C. BESS 
A battery energy storage system is used to store solar 
energy generated by the PV plant, and then re-charge the 
batteries on AES. Lithium-ion (Li-ion) batteries have 
been considered for the new BESS installations. They 
have been the preferred choice, thanks to their significant 
cost declines, favorable performance characteristics, and 
high energy density, Battery energy report [27].  Rolls-
Royce [28], has introduced a new battery system 
specifically designed for ships. More recently, TESLA 
[17] has developed a new battery product, called the 
Megapack, made specifically for utility-scale projects. 
These large-scale battery installations would require 
power electronics and a battery management system 
(BMS). Power electronics control the battery charge 
whereas the power limits for charging and discharging to 
the power electronics are provided by the BMS.MAN 




Figure. 6. Concept layout of major components of AES 
 
D. Problem description                                                                                                                     
Made as a practical design application, is a case study of 
an all-electric cargo vessel (AES) for a typical navigation 
route from Mumbai to Dubai with a one-stop mid-way 
for battery recharging. The distance of the shipping route 
between these two ports is approximately  1941 km,  RD 
World Atlas [30], and the OECS is located mid-way 
(22°.16 N, 64°.30 E ) at about 970 km from either port, 
see Fig. 4. The average depth at the proposed location is 
about 200 m- 500m. Sizing of an all-electric ship 
propulsion system is performed and energy consumption 
results are demonstrated using HOMER software  A 
suitable off-shore battery charging station is designed, 
comprising of; a)  floating solar plant, FSP; b)  tension 
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leg platform, TLP; and c) a battery energy storage 
system BESS located on the TLP.  Finally, the net 
present costs (NPC), operational cost, fuel consumption, 
emissions, etc. of a conventional diesel vessel is assessed 




ADDED WEIGHT TO THE SHIP 
Ship type Handysize 
Added weight of batteries (mt) 690 
Added weight  of propulsion system (mt) 60 
Deduction for 2- stroke engine removal (mt) 197 
Deduct for Aux generator, transformers 
and other (mt) 
125 
Deduct for fuel oil (mt) 290 
Net deduction (mt) 670 
Final weight added to the vessel 
(propulsion + storage) (mt) 
80 
Increase in lightweight (%) 0.9 
 
E. Preliminary system description   
Fig. 2 gives the configuration of the proposed system. To 
make a comparison, a ship whose diesel propulsion 
system is to be converted into a battery-powered 
propulsion system is selected as the target ship. The 
target ship (AES) can be classified as a Handysize bulk 
carrier of 10,000 dwt. Its main characteristic is listed in 
Table 1, MAN Propulsion trends [31]. The navigation 
from Mumbai to Dubai takes about 5 days regardless of 
whether it is from Mumbai-Dubai or in the reverse 
direction. The period comprises of 24 hours halt each in 
Mumbai and Dubai for loading/ unloading and charging. 
The average berthing time for dry bulk carriers is about 
26.5 hours. Berthing Policy[32]. A 12-hour halt at the 
OECS for recharging batteries and 36 hr travel time 
between port and OECS,(approximate distance 970.5 
km), for a total of 72 hours travel time per week, see Fig. 
5. Consequentially the optimization involves 5616 h in a 
year. 
 
F. All-Electric Ship 
The target ship is a 10,000 dwt dry bulk carrier having an 
electric propulsion system (EPS), which uses electric 
power stored in a battery. It consists of a BESS, a power 
converter, a motor, and a propeller, see Fig.6. 
 
1) Loading  
The normal continuous rating (NCR), at which ships 
operate is 85% - 90% of the maximum continuous rating, 
(MCR), Koumentakos A.G. [14]. Thus, 75% to 77% of 
MCR. is the usual output at which ships operate.Then,  




Figure. 7. Solar data at the location of OECS 
 
Allowing 13 % power loss due to efficiency of the 
motor,= 376 kW                                          
Then, net power required P = 2130 + 376 = 2506 kW                                                                 
It is assumed that the propulsion energy requirement of 
the AES will partly be met by PV during daylight hours 
and balanced by BESS. 
                                                                           For a 
36 hours trip T, from port to OECS, or OECS to port,  
the energy requirement E, will be: 
 
E = P x T     (1) 
 
E =   2500 x 36 = 90,000 kWh, or 60,000 kWh/day.                                                                    
It is to be noted that ship power is a function of 
speed. For a typical 50,000 dwt vessel, the propulsion 
power required for sailing 5nm, 12nm, and 200nm out of 
the port is 314 kWh, 2.2MWh, and 77 MWh 
respectively.MAN Propulsion trends [31].  However, for 
simplification, the present design assumes that the ship 
travels at cruising speed from port to OECSat full power 
of 2500 kW. For AES the Li-ion battery energy 
requirement Eb will be Eb = 60MWh/day and a peak 
load of 2.5MW DC. The typical load diagram is shown 
in Fig.8 
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Figure. 8. Load diagram for AES 
 
To meet this demand, the ship will use 30 individual 
MegaPacks each of 3MWh capacity. These batteries 
require 40% less space and have a higher density than 
current systems, Tesla Mega Pack [17]. To charge these 
batteries, Homer software has calculated that 72 MWh 
capacity batteries are required to be installed on the 
charging station. At OECS, the AES is charged from 
PV/BESS, whereas at port they would be charged from 
the   
local grid. As no loading or unloading is carried out at 
the OECS during the 12 h halt, the electrical needs are 
moderate Melode G.[33], and can be met by the reserve 
energy in BESS. However, a 300 kW diesel generator is 
provided to cater to any emergency loads.  
                                                             
2) Space requirement 
The space requirement of the battery system and 
components need to be assessed so as not to increase the 
size of the engine room or encroach on the area reserved 
for cargo. The volume occupied by BESS =30 x 7.09 x 1, 
59 x 2.18 m = 737.26 cum. Then, net free space available 
in engine room based on data indicated by 
Dedeset,al[22], is as per Table 2 = 3800- (1478 + 737) 
=1585 cu m. To further reduce the footprint, packs can 
be double stacked, increasing the height of the battery 
bank from 2.18 m to 4.38 m. Thus, the engine room 
volume is not exceeded, making it suitable for 
installation. 
                                                                                                                       
3) Weight restriction 
Apart from volume, weight calculations and distribution 
are equally important. The added weight due to 
propulsion system retrofitting also has to account for the 
added mass of the energy storage medium. Using data 
from Dedes et al.[22], and the weight value of Mega 
Pack as 23 t/pack,(Roszell T. [34], the added weight of 
batteries =30 x 23 = 690t., and for motor, transformer, 
and converter 60t.The deductions as shown in Table 3 = 
670 t. Hence,there is a net addition in weight of (750 – 
670) = 80t.This is about 0.9% of ship lightweight, and 
the extra weight may be subtracted from the ballast 
water, as added lightweight reduces this amount instead 
of cargo capacity, Dedes et al[22]. 
 
G. Offshore electric charging station 
 
1) Floating solar PV plant 
Solar resources data for the proposed location of the 
OECS is obtained from NASA, [35].  By entering the 
latitude and longitude for the proposed location (22°.16 
N, 64°.30 E), the solar resource shown in Fig.7 is 
generated. From this, the scaled annual average solar 
irradiation is 6.15 kWh/m²/day. This is taken as 
representative of the proposed location of the OECS and 
is used in HOMER software. The plant is required to 
supply 60,000 kWh/ day of energy to charge BESS on 
the AES. The specifications of the PV data used are 
shown in Table 4. A pontoon–based floating structure is 
used to mount the PV panels.Ceil& Terre Int [36], is one 
firm that specializes in providing such a system. Homer 
optimization results indicate a PV plant capacity of 60 
MW. Using 340W solar panels, the number of PV panels 
required is176,470. Generally, a standard ratio between 
the PV module area and the required surface area is 
taken as 3, thus, the installation area required is about 
318,900 m2. The cost of a floating solar plant is taken as 
$0.9/W, SERI, [15]. 
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Figure. 9. Schematic showing slow charging of onboard batteries 
 
2) Tension Leg Platform                                                                                                                          
A TLP was chosen for this deep water application 
because of its many advantages, such as a) simple and 
economical structure, b) less offshore work; c) strong 
mobility, and d) applicable to deepwater fields. A 
general overview of design, construction, load-out, 
transportation, and installation of offshore platforms is 
covered by Sadeghi, [16]. The selected TLPwith the 
trade name Pela Star TLPis based on the design for a 6 
MW wind turbine, Hurley& Nordstrom, [37]. The 
structure is found at a depth of about 200 m and features 
two levels of structural steel decks of size 25 m x 25 m.  
Though the baseline design is for 130 m depth of water, 
Fang& Duan, [38] have shown that TLP is not sensitive 
to the depth of water. The main design components are 
given in Table 5.  Cost break-up is shown in Table 7. 
The cost is adjusted to allow for the increased length of 
tendons.                                                 
 
The deck structure is made of steel. The 24 units of 
BESS are located on the lower deck, which is positioned 
about 15m above mean sea level the upper deck is meant 
for sub-station, charging device, accommodation, etc. An 
extension is provided for helideck to allow for use of 
helicopters for crew transfer.                                                                                              
 The total floor area is 2 x 625 =1250 m².  
 
Each container size unit of Mega Pack weighs 23 t. Total 
weight of 24 units = 582 t. Live load for deck design = 





Cell type Mono-crystalline 
PV panel rated power (W) 340 
Operating voltage  (V) 33.9 
Operating current (A) 9.89 
Open circuit voltage (V) 41.2 
Short circuit current (A) 10.39 
Module efficiency 20.16 % 
Dimension lxbxh (mm) 1675x992x35 
Weight  (kg) 18.5 
 
Structural steel weight  
@ 1.2 t/m² x 1250    = 1,500 t    (2) 
Structural steel cost from Maness, et, al, [39]. 
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Figure. 10. Schematic system architecture for cases 1, 2, & 3 
Cost;                                                                                     
$‘000 Struc Platform  Fabrication cost, 1500 t @ 
$14,500/t     = 21,750                                                                 
Switch gear    = 500                                        
Accommodation, fire, etc   = 2,000                                                                
Total cost of structural platform       =  24,250         
TLP  (see Table 3)    =  11,590 
Charging device, a lump sum amount = 5,000       
Design     = 5,000     
Contingencies                                            = 4,160 
  
Then, total costs of structural platform, TLP, Charging 
device, design, and contingencies, 
= (11.59+24.25+5+5+4.16) x 106 =$ 50 x 106  (3) 
 
Because the costs associated with the TLP are unlike any 
other component for inputs to HOMER, these costs are 




PARTICULARS OF PELA STAR HULL 
Lower  hull depth (m) 8.75 
Lower Hull dia (m) 17.0 
Column length below LAT (m) 12.3 
Draught LAT (m) 21.05 
Arm eff. Radius ( m) 31.2 
Arm root width (m) 3.5 
Arm tip width (m) 3.0 
Primary steel weight    (m t) 1500 
Displaced volume    (cu m) 4723 
Anchor piles Dia (m) & length (m) 4.0 & 25-50 
 
3)  Battery energy storage system 
To store the energy from the PV plant, Homer has 
calculated thata72 an MWh battery system is required. 
To store this energy, TESLA’s massive new energy 
product Mega Pack battery is selected (Tesla). Each 
Mega-Pack has a capacity of 3 MWh.However, for the 
Homer optimization input, a generic 1MWh Li-ion 
battery is considered, technical parameters of which are 
given in Table 6. Then,the total number of Mega Pack 
batteries required = 72/3 =24      
 (4) 
The length and width of the battery are 7.1 m and 1.6 
m respectively. For costing, an assumed installed storage 
of 70,000 kWh BESS is taken, in addition to the $50 m 
costs of TLP, etc. 
The base price ofthe battery from Battery Storage 
[27]=  $160/ kWh Adding the cost of Structural platform, 
TLP, etc = 50 x106/70  =$ 714/kWh 
Then, installed cost of BESS  =    $ 874/kWh 
This value is taken as the input cost when calculating the 
NPC, etc. for BESS. 
 
 International Journal of Marine Engineering Innovation and Research, Vol. 6(4), Dec. 2021. 210-225                           





Battery type Li-ion 
Battery voltage (V) 600 
Nominal capacity (kWh) 1000 +03 
Nominal  capacity (Ah) 1.67 x1000 +03 
Nominal charge current (A) 1.67 x 1000 
Nominal discharge current (A) 5 x 1000 
 
4)  Battery Chargers: Battery charging can be done in the 
fast mode which takes about an hour, or in the slow 
mode which usually takes 8 h or more. The constant 
current-constant voltage (CC/CV) charging is considered 
the most recommended charging method for both Li-ion 
and lead-acid batteries, Dearborn S., [40]. In the present 
scenario, a stoppage-time of 12 h is assumed at the 
OECS, hence slow charging is feasible. The 30 no. 
3MWh each battery on the AES are connected in series 
to form groups of two. The configuration in Fig. 9.shows 
a typical arrangement of two batteries each of 3MWh 
capacity located on the ship. A step-down transformer 
steps down the 20 kV OECS bus supply power to the 
0.69 kV charger bus.  
 
 
Figure. 11. PV power output; Li-Ion input power; Li-Ion state of charge 
 
The conversion of 0.69 AC to 0.69 DC on board for 
charging the batteries is done with the help of Power 
electronic converters. Each battery is charged with a 
constant current of 0.16 C for 6 h for slow charging, and 
this rate provides a constant current of 267 A DC, 




COST BREAKUP OF PELA STAR HULL 
Item No. Description US Dollars 
1.0                        Hull Fabrication and Delivery $6,289,000 
2.0 Anchor and Tendon System               $4,396,000 
3.0                      Installation $906,000                       
4.0 Total    $11,591,000        
 
Kumar, et al [41]have shown that in simulation studies 
for a similar arrangement, the batteries are charged 
within the time frame of 10 h.   To cover the cruising 
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Figure. 12. Electric load served and renewable penetration 
 
Crossing power (Pc) required = Crossing 
energy/charging time    (5)            
 
Then Pc = 90/10 = 9 MW                                                                                                              
 
This can be supported by the PV/ BESS power system at 
OECS.                                                                    
To connect the ship to the OECS power system, a 
manual connection is envisaged. Automated shore power 
connection is still an emerging technology, Glosten, [42]. 
 
H. Conventional diesel ship 
To assess the benefits of the present technology, the AES 
is compared with a conventional diesel ship for the same 
load conditions. The selected ship is a 10,000 dwt Handy 
Size Bulk carrier navigating between Mumbai and 
Dubai. Total travel time assumed based on a 27 h halt at 
ports and no halt at the OECS is 5616 h per year. It is 
designed for an electric load of 60,000 kWh/day, and a 
4500 kW peak. Homer software was used to obtain an 
optimized generator set and other parameters such as 
NPC, fuel consumption, and emissions. For a mean 
electric output of 3253 kW, a 5000 kW generator is 
suggested. 
III. RESULTS AND DISCUSSION 
This section discusses the various power and propulsion 
architecture and their benefits. To solve the multi-
objective optimization problems in this paper, Homer 
software is used. The impact of the integration of an 
OECS on a ship's power system, load condition, 
emissions, fuel consumption, and energy storage system 





INPUT DATA REGARDING SYSTEM COMPONENTS 
System component Capital cost ($/kW) Replacement cost 
($/kW) 

























Figure. 13. Rectifier Output for AES 
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The following three cases are considered: Case 1 An 
optimal study of OECS (PV, BESS), considering cost, 
and energy production. 
             
Case 2 An optimal study of AES (Grid, Converter) 
considering cost, and energy production.                                                                                                                               
Case 3 An optimal study of a diesel ship (Generator) 
considering cost, energy production, fuel consumption, 
and emissions. The typical system architecture for the 
three cases is shown in Fig. 10. 
 
A. Economic assessment 
Based on the input cost data indicated in Table 8, the 
energy balance calculation for each feasible system 
configuration is performed by Homerto arrive at the 
COE and NPC.  A discount rate of 6% has been 
considered for the calculations. The categorized optimal 
system which has the least COE and NPC is shown in 
Table 9. 
 
1)  Cost of energy 
The Levelized Cost of Energy (COE) is the average cost 
per kWh of the useful energy produced by the power 
system, and is given by the following equation; 
 
COE = Can/El     (6)   
    
where Can is the total annualized cost of the system ($/yr) 
and El is the electric load served. (kWh/yr). Based on 
Table 9, it can be seen that the optimum COE of the 
hybrid system (PV/B), which represents the OECS is 
$0.39/kWh.  This is slightly higher than the COEof € 
0.339 / kWh($0.366/ kWh) for a combined PV plant with 
storage Pawel I.,[43] and can be attributed to integrating 
the high installation cost of TLP. As the sea surface 
provides unlimited space for locating PV panels, the 
power system has no restriction on the PV system 
capacity, allowing for an optimum size that gives the 
least COE. The optimal system for Case 1 consists of 60 
MW of PV systems and 72 MWh of Li-ion Batteries. For 
AES (Case 2), the optimal size consists of the grid and 




CATEGORISED OPTIMISATION RESULTS FOR CASES 1,2, & 3 
Description Case 1 Case 2 Case 3 
PV size (kW) 60,000 0 0 
BESS cap (kWh) 72,000 90,000 0 
Converter (kW) 0 3,852 0 
Grid (PV+Bat) (kW) 0 999,999 0 
Generator (kW) 0 0 5,000 
Total NPC ($) 137 M 99.3 M 121 M 
LCOE ($/kWh) 0.3974 0.11 0.35 
Total output  
(KWh/yr) 
116,009,503 21,900,000 21,900,000 
Fuel cost ($) 0 0 5.63 M 
Total fuel  (L) 0 0 5,627293 
Emissions (kg) 0 0 14,730,085 
 
 
It is to be noted that in this case, power from the grid 
refers to the power from the PV/ BESS system located 
on OECS. For Diesel ship (Case 3) the optimal size 
consists of a 5000 kW generator. On comparing the COE 
of the two ships, it can be observed that the COE of the 
AES (G/C) $0.11/kWh is lower than in the case of the 
diesel ship ($0.35/kWh). This is attributed to the AES 
using renewable power supplied by BESS, as opposed to 
the cost of fuel for the diesel ship and there being no 




NET PRESENT COST’S 
Component Capital        
($) 
Replacement ($) Operating ($) Fuel          
($) 
Salvage  ($) Total           ($) 
Case 1 
a) PV 



























a) Generator 2.5M 15.6 M 14.8M 88.6 M -535,163 121M 
 
2)  Net Present Cost  
The total net present cost (NPC) of a system is the 
present value of all the costs the system incurs over its 
lifetime, minus the present value of all the revenue it 
earns over its lifetime. (25years). Table 9 previews the 
best-performing system architectures and their costs. 
Case1 yields a total net present cost (NPC) equal to$137 
m. The higher NPC is due to the oversized PV arrays and 
batteries required for ensuring that the load is fully met. 
On comparing the NPC of the two ships, Cases 1 &2, it 
is clear that the NPC of the diesel ship(G) $121 m is 
higher than of the NPC of the AES (Gr//C), $ 99.3 
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m(after adjusting to include the cost of batteries) and this 
is due to the amount of fuel required. This leads us to the 
conclusion that a long sea journey with a stop-over for 
battery charging can dramatically improve the economic 
performance of the electric ship. 
 
3)  Operating Costs   
The operating cost of a Component is the cost associated 
with the operation of maintaining the component. The 
operating cost for Case1(PV/B) is $ 960, 000, see Table 
10. The operating cost for the AES is $ 2.31 M, and this 
represents the annual cost of buying power from the PV/ 
BESS system. For the Diesel ship, the operating cost is 
$939,600, and the cost of diesel fuel required annually is 
$5.63 m. This once again highlights the superiority of the 




POTENTIAL EMISSION SAVINGS DUE TO OECS 
Emissions  Kg/year 
CO2 
Carbon Mono- oxide   




   19,822,942 
     124,953 
         5,452      
            757 
       48,542 
      117,380 
 
B. Environmental Assessment 
1) Renewable energy fraction and GHG emissions 
The fraction of the energy delivered to the load that 
originated from the renewable power source is termed 
the renewable energy fraction Homer software calculates 
the renewable energy fractions and annual emissions and 
these are indicated in Table 8. Based on Table, 8, it can 
be seen that the systems (PV/B) and (Gr/B/C) have the 
highest renewable energy fractions(100 %), Fig.11, and 
no GHG emissions. . For the AES, the optimal mainly 
depends on PV/BESS for feeding the load demand by the 
required power, thus resulting in the high, renewable 
energy fraction. However, for the diesel ship system, the 
renewable energy fraction is (0.0%), and the GHG 
emission is 20,120,026 kg/year. The breakup of the 
different components of emission for the diesel ship is 
given in Table 11. Hence, it may be concluded that for a 
given application, a hybrid system design comprised of a 
PV and BESS charging an AES significantly reduces the 
carbon emissions.  The value addition of an OECS is 
apparent.  
 
C. System assessment 
1) PV array 
The results obtained in this study are taken for the 
location of OECS where the average solar irradiance is 
6.15 kWh/ m²/day, and the solar resource is available 
throughout the year. A further advantage of floating solar 
PV panels is that it allows higher yields (15% more) due 
to the cooling effect of water, which could make up for 




Figure. 14. Fuel consumption for diesel ship 
 
2) Battery energy storage systems                                                                                              
There are two BESS considered for this study. The first 
BESS is located on OECS and is charged by the PV 
array during daylight hours. Its capacity is determined by 
the amount of energy required to charge the second 
BESS, which is located on the AES. Fig 12 shows the 
state of charge for Case1. The SOC of the battery is 
about 100 % for most of the year. For the BESS located 
on the AES, the annual energy purchased from the grid 
(considered as a proxy for the PV/ BESS power 
system)is 21,900,000 kWh, with a peak demand of 3680 
kW. HOMER assumes a rate of $ 0.115 /kWh resulting 
in an annual energy charge of $2.3.m. 
 
3) Power converter                 
The power converters have a dual role. One as an 
inverter to convert DC power to AC power and as a 
Rectifier to convert AC power to DC power. The 
rectifier located on AES, has a capacity of 3852 kW, 
Fig.13. 
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4) Diesel generator      
Fuel consumption and emissions are key factors 
governing a diesel ship design. Homer calculates the 
total fuel consumption Ft using the following equation:                                                                                                                                                                                  
 
Fs = Ft/Eg     (7)     
 
where Fs is the specific fuel consumed,i.e. the average 
amount of fuel consumption per kWh energy it 
generates, and Egis is the total annual electricity 
production of the generator (kWh/yr). As the ship mainly 
depends on the diesel generator to feed the load demand, 
the fuel demand is quite high, (5,627,293L/year), Fig. 14. 
At a conservative rate of $ 0.9 /L, the total fuel cost from 
Table 10 is $ 5.63m. Further, the more frequent the 
diesel generator operates the shorter its lifetime is in 
years. In this case, the number of starts is 53 and its 
lifetime is 2.3years. This accounts for the high 
replacement cost of5.6 m. 
 
5) Electricity production  
From the yearly electricity production data shown in 
Table 9, it can be noted that for the (PV/B) system, PV 
generation is sufficient to charge BESS located on the 
OECS. The annual production from PV is 116,009,503 
kWh/yr, the energy input to BESS is 12,579,403 kWh/yr 
and its output energy is 11.346,890 kWh/yr. The period 
of autonomy is 23h. There is excess electricity of 
92,883,147 kWh/yr from the PV installation, part of 
which is used for the shortfall from BESS, and balance 
for the daily electricity demands of facilities located on 
TLP. For the case of the power system on AES (G/B/C), 
the ship purchases 23,052,630 kWh/yr power from the 
grid (in this case the PV/Bat system of Case 1) and 
consumes 21,900,000 kWh/ yr to charge the 90 MWh 
batteries which drive the motor. For the diesel ship (G), 
we can see that Homer optimization results in a stand-
alone 5000 kW generator to meet the load demand of 
21,900,000 kWh/yr. The conclusion resulting from this 
work indicates that increased  PV capacity and BESSare 
essential to reduce the fuel consumption and emissions 
of merchant ships, and the role played by OECS is 
crucial in this regard. 
 
D. Suggested Further Research                                                                                               
A subject of further research related to the present 
technology but with broader defined system boundaries 
would be an evaluation of providing offshore electric 
charging stations for routes typically navigated by the 
large ocean-going vessels, requiring open sea crossings.  
A typical crossing between Pontada Madeira, Brazil, and 
Rotterdam, Europe covers a distance of about 4100 nm 
with ultra-deepwater depths of over 3000 m. It is 
suggested that a floating production, storage, and 
offloading (FPSO) unit could be employed for such 
routes. An example is the  Turritella FPSO design based 
on the conversion of an existing Suezmax –scale double 
hull tanker, and operating in 2,896 m (9500 feet) of 
water, Blake, [44].  Such a vessel can be retrofitted for 
storing batteries and related equipment to serve as an 
offshore electric charging station. The modified OECS 
could then be co-located with a floating solar farm that 
produces the necessary electrical energy to charge the 
batteries. A Belgian company Energy global,[45], is 
already working on a pilot project for a solar PV project 
technology that allows solar panels to be installed for 
high-wave offshore application, with the modules and 
structures designed to be resistant to saltwater, strong 
streams, and high waves. In keeping with the decision 
for a clean energy environment, Green Ports would be 
developed to charge vessels purely from RES dedicated 
to the needs of the ports. 
 
IV. CONCLUSION 
This paper presents novel environmental technologies for 
mitigating carbon emissions at sea, which are mostly 
generated from onboard diesel consumption. In response 
to this challenge, the approach taken in this study was 
the introduction of an OECS on long-distance shipping 
routes, along with an AES concept.  The scope of this 
study was to assess the technical feasibility of a 
commercially viable offshore electric ship charging 
station (OECS), built-in deep waters along commercial 
shipping routes to facilitate battery charging for 
AES/hybrid ships. It has been shown that a charging 
platform to support BESS can be constructed in deep 
waters, along commercial shipping routes, using TLP 
technology.  PV arrays on a floating solar plant (60 MW) 
co-located along the TLP provide power for charging 
BESS (72 MWh). A case study is given of a 10,000 dwt 
all-electric cargo ship traveling the 1941 km route 
between Mumbai and Dubai, with an OECS located 
midway along the route at which the AES docks 
recharge its 90 MWh batteries. A comparison is made 
with a sister ship having diesel propulsion. Simulation 
with Homer software presented in this study shows that 
AES has a lower NPC of $99M compared to that of the 
diesel ship $121M. Further, it is shown that the AES is 
anticipated to save   5,627,293 l annually in fuel 
consumption, and prevent 19,823 t/yr of CO2 from 
entering the atmosphere. Another study found that at the 
present stage of the development of battery technology, 
the installation of batteries was weight and volume-wise 
practically feasible for the AES.  In conclusion, it can be 
said that the integration of an OECS along with an all-
electric/ hybrid ship concept represents a major 
milestone in bringing emission-free technology to the 
marine sector, whilst allowing electric sailing across long 
distances over a longer period. 
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